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The ﬂame retardancy of a new composite polyurethaneecement foams based on the innovative concept
of “Hydration-Induced Reinforcement of Polyurethane Rigid Foams”, HIRPeC, through the formation of
an organiceinorganic co-continuous morphology have been investigated. The hybrid foams were
prepared by allowing polyether polyol mixed with catalysts, surfactants and cement (up to ﬁnal weight
of 60 wt%) to react with Metylen-Diphenyl-Diisocyanate without ﬂame retardant. The composite foams
were then cured at 60  C in water for 72 h in order to hydrate the anhydrous cement particles. The
hydrated cement phases engender a co-continuous structure within the polyurethane matrix. For
comparison both neat polyurethane foams and ﬂame retardant ﬁlled foams were also prepared. The
composite and the hybrid foams were characterized by X-ray diffraction, mechanical compressive testing
and the scanning electron microscopy, while the thermal-oxidative properties were characterized by
thermogravimetric analysis. Cone calorimeter analysis which allowed to determine the key properties of
thermal degradation, namely the heat release rate, the smoke and CO production from foam combustion.
The hybrid foams exhibit a signiﬁcant improvement of mechanical properties due to the hydration of the
cement particles as compared to the un-hydrated composite foam. The results of the thermal characterization showed that the presence of the amounts of inorganic cement particles, alongside with the
formation of a co-continuous morphology, produces enhancements of ﬁre behavior and improvements in
the thermal-oxidative stability of polyurethane. The ﬂame retardancy who essentially due to the physical
action of the inorganic phase which constitutes a barrier at the surface and opposes to the diffusion of
volatiles and oxygen.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Polyurethanes (PUR) foams, with rigid and ﬂexible cellular
structure, are widely used as thermal and acoustic insulator especially in building, household and automotive. In these ﬁelds, the
enhancement of the ﬁre resistance properties of foamed products is
of paramount importance and that is still more mandatory for PUR,
since polyurethane is a highly ﬂammable and combustible material
[1e3]. Depending on the chemical structure of polyols and isocyanates, as well as the isocyanurate index and the foam density, the
PUR can be thermally stable in the range 200e300  C. At higher
temperature they start to decompose with mechanisms depending
on the boundary conditions [4]. In particular, in an inert
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environment the PUR foams decompose through the cleavage of
the urethane bonds in polyols and isocyanates, followed by the
dissociation of urethane cycles to amine and carbon dioxide. In
oxidative conditions the decomposition of PUR foams is more
complicated, due to simultaneous chain scissions, crosslinking,
oxidation and gas evolution. In addition, the burning of PUR foams
evolves through the formation of gaseous isocyanates, which can
then re-polymerize in the gas phase and condense as “yellow
smoke”. Generally, this process is accompanied by liquid polyols
pool, which continues to decompose to form heat, CO and CO2
gases [5].
The improvement of thermal and ﬁre performances of PUR
foams by means of ﬂame retardants and inorganic ﬁllers, or
chemical modiﬁcation by introducing isocyanurate rings or carbodiimides has been investigated and the results have been thoroughly summarized by Singh in a recent review [6]. For instance,
the ﬂame retardants incorporated in the polymeric matrix, act both
in the condensed phase and in the vapor phase or simultaneously in
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both phases through chemical and/or physical mechanisms, interfering with the combustion process during heating, pyrolysis,
ignition or ﬂame spread. The main ﬂame-retardant compounds
used in the stabilization of PUR foams belong to the following
classes [6]: (1) organic compounds (i.e. halogenated compounds),
that act mostly in the vapor phase by a radical mechanism, to
interrupt the exothermic processes and to hinder combustion
through the suppression of radicals. This is, usually, accompanied
by the generation of toxic compounds (furans, dioxins) during the
combustion [7]; (2) inorganic phosphorous and phosphorous
containing compounds, which act mainly as char-forming agents
reducing generation of ﬂammable gases [8], (3) Silicon containing
additives, which promote the formation of a high quantity of char
residue converted into a continuous silica layer during oxidation;
(4) inorganic compounds (metal hydroxides, such as aluminum
trihydrate-ATH), that, during the combustion, are subjected to an
endothermic decomposition mechanism, releasing water and
oxides with low emission of smoke. However, some of these
compounds exhibit a relatively low ﬂame-retardant efﬁciency and
thermal stability and lead to an extensive deterioration of the
physical/mechanical properties of the polymers they are added
to [7].
In this context, the technological and scientiﬁc research is
focused on the investigation on new “environmentally friendly”
ﬂame retardants able to reduce or to avoid the ﬁre threats in the
PUR foamed systems. Alongside the use of conventional ﬂame
retardants, the dispersion of nanometric particles as layered,
ﬁbrous and particulate materials has been known to contribute to
the enhancement of thermal and ﬁre resistance of polymeric
matrixes [9]. Layered particles (i.e. nanoclays) in the ﬂexible PUR
foams create a protective barrier that limits heat transfer into the
material during the combustion and inhibits volatile diffusion. This
behavior is ascribed mainly to the migration of the clay nanolayers
to the surface of the nanocomposite as well as the formation of
protonic catalytic sites onto the clay surface that catalyze the
creation of a stable char residue during the combustion [10]. Seo
et al. [11] reported that the ﬁre resistance of PUR foams ﬁlled with
nanoclay is mainly governed by the dispersion of ﬁller, optimized
when the ﬁller is homogeneously dispersed in isocyanate by means
of ultrasound treatments. Mahfuz et al. [12] reported the
enhancement of thermal stability of PUR foams through the use of
SiC and TiO2 particles, which probably contributed to the increase
of the crosslinking and the density of the foams. Gilman [13] and
Zammarano et al. [14] reported that the use of carbon nanotubes
(CNTs) is effective in lowering the peak of heat release rate by 35%
in polyurethane ﬂexible foams. The main reason being the formation of a CNTs percolative network that makes the melt behave as
a gel, therefore inhibiting dipping and incrementing the heat
shielding effect.
As widely described by Laoutid et al. [9], however, most of
nanocomposites still burn with very little, if any, reduction in the
total heat release and as well as any increment of the time to
ignition. Some interesting advantages in terms of improvement of
ﬁre properties and thermal stability [15] of polymeric systems can
be obtained by using, simultaneously, both nanoparticles and ﬂame
retardants or nanoparticles with different aspect ratios. Modesti
et al. [16] investigated the synergistic effect on ﬁre resistance of
PUR foams of phosphorous based ﬂame retardant and layered
silicate. The results showed that, during burning, the clays constituted a barrier at the surface of the sample, being, in turn, effective
in the slowing down the diffusion of volatiles and oxygen while the
phophinates are more effective in both condensed and gas phases.
Zatorski et al. [17] proved that expandable graphite is able to
form a barrier for oxygen and volatile gases and also nanoparticles,
such as nanoclays and nanosilica, where used in combination with
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halogen containing ﬁre retardants with a signiﬁcant reduction of
ﬂammability in polyurethaneepolyisocyanurate foams. Finally,
polyurethane rigid foams containing ﬂy ash and intumescent ﬂame
retardants exhibited a signiﬁcant enhancement in the ﬁre resistance and thermal stability due, mainly, to the formation of a tough
char layer, which in turn protects the underlying materials from
further burning [5].
Recently, a new class of hybrid materials based on polyurethane
foam (ﬂexible and rigid) and cement powder has been developed,
wherein, through a hydration process, the co-continuity between
the organic and inorganic phases is obtained. In these materials,
deﬁned as “Hydration-Induced Reinforcement of Polyurethanee
Cement” (HIRPeC) hybrid foams, the presence of co-continuous
morphology induced an enhancement of mechanical and functional properties, since polyurethane matrix and hydrated inorganic phases may cooperate intimately and synergistically to
improve the performances of the resulting material [18e20].
The aim of this paper is to study the effects of the co-continuous
organiceinorganic morphology on the thermal-oxidative stability
and ﬁre resistance of HIRPeC foams, by means of cone calorimeter
testing and thermogravimetric analysis. The ﬁre behavior of hybrid
foams has been compared to that of neat polyurethane foams and
polyurethane foams ﬁlled with a conventional ﬂame retardant. The
mechanical and morphological analyses were also used to assess
the effective improvement brought about by the formation of cocontinuous structure.
2. Experimental
2.1. Materials
Polyol polyether and Metylen-Diphenyl-Diisocyanate (MDI)
were kindly supplied by Huntsman Tioxide Europe (Ternate, Italy);
catalysts, chain extenders, silicone surfactant, ﬂame retardant
(Tris(1-chloro-2-propyl)phosphate, TCPP) were supplied by
Momentive Performance Materials (Germany). Portland cement in
powder form, CEM type IIA-S class 42,5R was used. The chemicals
were used as received. Distilled water was utilized as chemical
blowing agent.
2.2. Methods
2.2.1. Samples preparation
Composite cementepolyurethane foams with density of 300 kg/
m3 were prepared by mixing at room temperature the inorganic
cement powder (60 wt% with density equal to 3300 kg/m3) to the
polyurethane precursors, namely MDI, polyol with catalysts, silicone surfactant and chain extenders (40 wt%). More details about
the preparation of both un-hydrated polyurethaneecement foams
(named PeC, with density equal to 300 kg/m3) and hydrated
polyurethaneecement foams (named HIRPeC, with density of
320 kg/m3 for an amount of chemically bonded water of hydrated
sample ranging 12e17 wt%) were reported in previous papers [18e
20]. Neat polyurethane formulation (e.g. without cement: neatPUR, with density of 120 kg/m3) was also produced for proper
comparison. Moreover, in order to assess the effect of co-continuity
on the ﬂammability and ﬁre properties of HIRPeC foams, polyurethane foams ﬁlled with 10 wt% of TCPP ﬂame retardant was also
synthesized. This material, named as PUR-FR, was produced with
a density equal to 150 kg/m3.
2.2.2. X-ray diffraction
The mineralogical composition of composite foams has been
investigated by X-ray diffraction (XRD). The samples were milled at
room temperature and then characterized by using a Philips
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diffractometer equipped with a Philips X-ray generator, type
PW1710 (Philips, Holland). The X-ray beam was nickel-ﬁltered Cu
Ka radiation of wavelength 1.54 Å operated at the generator voltage
of 40 kV and current of 20 mA. The diffraction patterns were
collected automatically at a scanning rate of 0.6 /min with 0.01 /s
steps.

ﬁre scenario. The pHRR represents the peak value of the HRR and it
dictates the ﬂashover potential in a real ﬁre scenario.

2.2.3. Micro-structural analysis
The foamed samples were analyzed by scanning electron
microscopy (SEM), to investigate the morphology of foam (i.e. size
cell and porosity extent) and the formation of hydrated products
from cement hydration. An electron microscopy operating at 20 kV,
mod. S440 from Leica Microsystems GMbH, (Germany) was used.
The samples were ﬁrst sectioned with a razor blade and then
coated with gold using a sputter coater (mod. SC500, Emscope, UK).

X-ray diffraction analysis was performed to verify the extent of
cement hydration by monitoring the depletion of anhydrous crystalline minerals of cement [19,20,25,26], which transform in amorphous hydrated calcium silica phase (CSH). The X-ray pattern of
anhydrous cement, reported in Fig. 1, shows the presence of crystalline phases identiﬁed as calcium carbonate, CaCO3 at 2q equal to
23 and 29.3 , and anhydrous calcium silicates, 2CaO∙SiO2(belite)
and 3CaO∙SiO2 (alite) at 2q equal to 32 e33 , 34 and 41.5
respectively [26,27]. The anhydrous calcium silicate phases are also
detected in the X-ray pattern of the PeC foam, wherein the anhydrous cement is present at 60 wt%. In the X-ray pattern of HIRPeC
foam, the intensity of the anhydrous calcium silicate phases
decreases as consequence of the hydration process, which leads to
the formation of amorphous calcium silicate hydrated phases
[19,20,26,27]. Moreover, additional crystalline phases as calcium
hydroxide and ettringite (i.e. trisulfoaluminate of calcium hydrated)
appear in the X-ray pattern of the HIRPeC arising, respectively, from
the hydration of anhydrous silicate phases and the calcium aluminate in presence of gypsum. The results conﬁrm that, during
hydration process, the cement hydration effectively takes place.
However the complete disappearance of the peaks ascribed to the
anhydrous cement phases was not achieved, since the hydrophobic
polymer matrix limits the permeation of water through the sample
thickness and hinders complete hydration of the cement within the
HIRPeC.

2.2.4. Mechanical properties
Compressive tests were carried out on a SANS testing machine
(mod. CMT4304, Shenzhen SANS Testing Machine Co., China) with
a 30 kN load cell, according to ASTM D1621.
2.2.5. Thermal properties
Thermogravimetric analysis (TGA) and cone calorimetric characterization were used to investigate the effect of conventional
ﬂame retardant (TCPP), anhydrous cement ﬁller (un-hydrated
cement) and co-continuous inorganic structure (hydrated cement)
on the thermo-oxidative degradation of rigid PUR foams.
2.2.5.1. Thermogravimetry analysis (TGA/DTG). The thermal degradation of the produced foams was investigated by thermogravimetric (TGA) and derivative TGA (DTG) analyses only for the ﬁrst
degradation step (160e400  C). The tests have been carried out on
a TGA2950 (TA Instruments, USA) under air atmosphere. The foam
samples were heated on platinum pans from 30  C up to 1000  C by
applying the following heating rates: 5, 10 and 20  C/min. In order
to analyze the effect of the integrity of the inorganic network on
thermal-oxidative degradation process, TGA experiments were also
performed on foam samples milled to ﬁne powder.
2.2.5.2. Cone calorimetry analysis. To analyze the ﬁre reaction
exhibited by the several foams in realistic ﬁre conditions, cone
calorimetry analysis was performed according to ISO 5660 [21], by
using an oxygen consumption cone calorimeter (Fire Testing
Technology, FFT dual cone calorimeter model). Specimens of the
size of 100  100  20 mm3 were exposed in the horizontal
orientation to an external heat ﬂux of 50 kW/m2, which corresponds to a common heat ﬂux in mild ﬁre scenario [22]. Three
samples for each system were investigated. Samples were preconditioned to constant mass at a temperature of 23  2  C and
relative humidity 50  5% in accordance with ISO 554 [23].
Several combustion parameters such as time to ignition (TTI, s),
heat release rate (HRR, kW/m2), peak heat release rate (pHRR,
kW/m2), ﬁre performance index (which corresponds to the ratio of
TTI to pHRR, s*m2/kW), total heat release (THR, kJ/m2), total heat
evolved (THE, kJ/m2), total mass loss, CO and smoke production
were measured according to ISO 5660 [21].
In details, the HRR represents the thermal energy released by
a material per unit area when exposed to a ﬁre radiating at constant
heat ﬂux. It is measured as the oxygen consumption for the
thermo-oxidative degradation of the combustion product stream.
The THR is deﬁned as the time integral of the HRR and represents the total heat output up to that point. The THE is deﬁned as
the THR at the end of the cone calorimeter test and it indicates the
total amount of heat that can be released during the burning of the
material [24]. It is therefore the ﬁre load of the specimen in the test

3. Results and discussion
3.1. X-ray diffraction

3.2. Micro-structural analysis
SEM micrographs of the fractured surface of HIRPeC foam are
shown in Fig. 2. In particular Fig. 2a shows the typical cellular
morphology of closed celled rigid PUR foams, with the hydrated
cement located in the struts and on the internal walls, whereas in
Fig. 2b and c typical cement hydrated phases identiﬁed as ettringite
(needlelike crystals, [26]) and calcium silicate hydrate (i.e. gel-like
ﬂocks, [26]), can be observed. It is worth noting that as a consequence of the formation of hydrated phases and their reciprocal
overlapping, a continuous inorganic network, interconnect with

Fig. 1. XRD patterns of anhydrous cement powder and selected PeC and HIRPeC
foams.
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Fig. 3. Stressestrain curves for selected PeC and HIRPeC foams.

hydration and the consequently formation of co-continuity
between the organic and inorganic phases.
3.4. Thermal properties

Fig. 2. SEM micrographs of HIRPeC foam sample at different magniﬁcation a) Mag:
171, b) Mag: 7.41 k, c) Mag: 1.92 k.

the PUR network, gave rise to a co-continuous morphology (see
Fig. 2c).
3.3. Mechanical properties
Fig. 3 reports selected stressestrain (seε) curves for HIRPeC and
PeC samples. It is noted that the hydration of cement ﬁller results
in an enhancement of both the stiffness and the strength of HIRPeC
foams with respect to PeC. In details, the elastic modulus in
compression (E) increased from ca. 70e196 MPa, whereas the
strength (s) increased from 3.1 to 4.31 MPa. As reported in previous
papers [19,20,25] the improvement of compressive mechanical
properties is a direct consequence of the occurrence of cement

3.4.1. Thermogravimetry analysis (TGA/DTG)
TGA thermograms in air ﬂux of neat-PUR, PeC and HIRPeC
foams are shown in Fig. 4. The curves at heating rates of 5, 10 and
20  C/min have been normalized at 180  C to account for both the
chemically bound water (i.e. water present in the chemical structure of cement hydrated phases, both CSH and ettringite, removed
by heating in the range 80e140  C [20]). In the inset, the corresponding derivative thermograms curves of the ﬁrst degradation
step (in the range 200e450  C) are reported.
From the thermograms of neat-PUR, it is shown that the
degradation mechanism occurs through two different steps. The
ﬁrst degradation step occurs in the range 200e450  C (324  C is the
temperature value at maximum weight loss rate, for heating at
10  C/min) with both onsets and end-degradation offsets temperatures increasing with the heating rates. The second degradation
step occurs in the range 420e700  C (528  C is the temperature
value at maximum weight loss rate for heating at 10  C/min) with
onsets and end-degradation offsets temperatures still depending
on the heating rates. The weight losses are 40 wt% and 60 wt%,
respectively, for the ﬁrst and second degradation step. These losses
do not change with the heating rates. According to a recent work
from Thirumal et al. [28], the ﬁrst weight loss stage is ascribed to
the breaking of urethane and allophonate links leading to the
depolymerization of PUR to monomer precursors such as polyol
and isocyanate. In details the isocyanate dimerizes to form carbodiimide, with evolution of volatiles compounds as CO2, alcohols,
amines, aldehydes, CO, etc. The carbodiimide is stable up to higher
temperatures when it degrades, giving rise to the second degradation step.
The thermo-oxidative degradation of PeC and HIRPeC foams
was found to occur with a different mechanism; in comparison to
neat-PUR foam. During heating three degradation steps are
observed. In the literature, it is reported that in silicoealuminate
systems (clay, silica, alumina etc.) acid sites on the surface of the
ﬁller has a catalytic effect on the PUR degradation, lowering the
temperature for the onset of maximum weight loss [29]. In PeC and
HIRPeC foams, both the presence of anhydrous cement particles
and the co-continuous morphology increase the onset temperature
and the temperature at maximum loss degradation rate of the ﬁrst
degradation step with respect to the neat-PUR foam. On the other
side, it seems that anhydrous and hydrated cement phases have
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the dehydration of Ca(OH)2, whereas the anhydrous cement phase
does not show any mass loss [20]. It is noted that the ratio of the mass
loss of the ﬁrst degradation stage to the mass loss of the second
degradation stage depends on the foam formulation. This ratio is
equal to 0.67 for neat-PUR foam and does not depend on the heating
rates; for PeC and HIRPeC foams the same ratio assumes values in the
range from 0.8 to 1.1 depending on the heating rate. This result
conﬁrms that, in the PeC and HIRPeC foams, the thermo-oxidative
degradation of PUR phase occurs with a modiﬁed mechanism
compared to the neat-PUR. In fact the ﬁrst degradation steps of
anhydrous and hydrated cement composite foams are clearly
composed two different processes. The DTG curves show the
symmetrical band related to the ﬁrst degradation step for the neatPUR comprise the overlapping of two distinct bands for the
composites foams. As also reported in papers focused on the effect of
clays and organo-modiﬁed clay embedded in PUR matrix [29,30], it is
likely that the presence of both anhydrous silicate particles and
hydrated co-continuous morphology promote the pyrolysis process,
in turn allowing, during the ﬁrst degradation step, for an increased
removal of organic matter as volatile pyrolyzed products. More
speciﬁc studies should be performed to highlight a complete understanding of the chemical mechanisms occurring during the PUR
degradation in presence of anhydrous and hydrated cement phases.
Finally the third step at 550e700  C can be ascribed to the
decarboxylation of carbonates phases in both anhydrous and
hydrated cement phases.
Table 1 summarizes the thermal degradation data in terms of
onset temperature, Td, the temperature at the maximum weight
loss rate, Tdm, and the weight loss rate, da/dT for neat-PUR, PeC and
HIRPeC foams at different heating rate, for the several stages
identiﬁed by TGA.
As it can be observed, Td and Tdm, increase as the heating rate
increases, whereas the da/dT slightly changes with the heating rate;
in particular, since (da/dT)m3 is invariant with respect to heating
rate, it is deduced that the third stage of the thermo-oxidative
process only concerns the inorganic phase. The residue at 800  C
does not clearly depend on the heating rate. Moreover, the HIRPeC
samples showed a residue which is slightly lower than PeC likely
due to the presence of calcium hydroxide produced by the hydration of the calcium silicate.
The data of TGA were modeled by Invariant Kinetic Parameters
(IKP) method [31], in order to get a better understanding of the
phenomena occurring during the thermo-oxidative degradation of
neat-PUR, PeC and HIRPeC foams. In particular, the approach is
able to calculate the activation energies and the nature of the
thermo-oxidative process (i.e. single-step or complex process).
In the IKP method, the kinetic equation for solid decomposition
can be expressed as [31,32]:

da=dt ¼ kðTÞ,f ðaÞ

Fig. 4. Thermogravimetric TGA and DTG curves for a) neat-PUR; b) PeC and c) HIRPeC
foams in air.

a detrimental effect on the thermal-oxidative stability of the second
degradation step.
The mass lost at the end of second degradation stage, which may
be ascribed to the degradation of PUR phase is approximately 38 wt%
and 40 wt%, respectively, for PeC and HIRPeC foams. This result is in
agreement with the compositional weight ratio of organic to inorganic phases (40/60) used for the formulation of composite foams.
Furthermore, in the temperature range 200e550  C, the hydrated
inorganic phase exhibits only a limited mass loss at 450  C, ascribed to

(1)

where k is the reaction constant (i.e. according to the Arrhenius law,
k ¼ A exp(Ea/RT), with Ea being the activation energy, R the gas
constant and A the pre-exponential factor), a (Conversion degree) is
the ratio between the weight loss of the foam undergoing degradation at time t and the total weight loss of the foam in the ﬁrst
degradation step, and f ðaÞ depends on the particular degradation
mechanism. Reformulating Eq. (1)) by taking into account the
heating rate, b ¼ dT=dt the differential form of the reaction rate
under constant conversion becomes:

b,ðda=dTÞa ¼ A,f ðaÞ,expð  Ea =RTÞ

(2)

According to the Friedman’s method, for which it is not necessary to know the reaction kinetic model, it is possible, from the
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Table 1
Thermal degradation data for neat-PUR, composite PeC and hydrated composite HIRPeC foams at varying heating rate.

neat-PUR

PeC

HIRPeC

Heating rate,
( C/min)

Td1 ( C)

Tdm1 ( C)

Tdm2 ( C)

Tdm3 ( C)

(da/dT)m1 (%/ C)

(da/dT)m2 (%/ C)

(da/dT)m3 (%/ C)

Residue at
800  C, (%wt)

5
10
20
5
10
20
5
10
20

272
285
294
289
292
311
289
300
310

310
324
337
318
325
344
313
326
345

528
558
583
484
500
538
483
509
539

e
e
e
637
668
676
626
647
679

0.43
0.43
0.44
0.25
0.22
0.27
0.25
0.25
0.26

0.67
0.54
0.44
0.60
0.59
0.56
0.56
0.65
0.55

e
e
e
0.09
0.08
0.09
0.09
0.09
0.09

0.6
0.6
1.0
56.2
57.3
56.1
55.8
55.6
55.6

The indexes 1, 2 and 3 point respectively to the ﬁrst and second stage of PUR thermal degradation and the decomposition of carbonate ﬁller present in the cement mixture.
Td and Tdm are respectively the onset degradation temperature and the temperature corresponding to the maximum weight loss rate. The term (da/dT) refers to the weight
loss rate.

slope of the straight line of log½b,ðda=dTÞ versus 1=T, to obtain the
activation energy at a certain mass loss a [30].
In Fig. 5, the energies proﬁle curves over the conversion degree
(Ea versus a) corresponding to the ﬁrst degradation stage (i.e.
pyrolysis) for neat-PUR, PeC and HIRPeC foams, are shown. In the
range of a between 0.2 and 0.7, the neat-PUR foam exhibits the
invariance (i.e. the changes are less than 10%) of Ea. This means that
the degradation occurs through a single-step process. The activation energy tends to increase at higher a values (>0.7) as a sign of
the occurrence of a complex multi-step process. Since the ﬁrst
degradation step of PUR is recognized as a simple single step
controlled by pyrolysis mechanism [33], the rise of Ea at high
a values should be ascribed to the overlapping of physicalcontrolled (i.e. diffusion of volatile decomposition products) to
the chemical-controlled kinetics i.e. degradation of the PUR
network trough scission of the urethane linkages, degradation of
polyols to give ether, ester and water, tri and dimerization of the
isocyanate [34,6]. For PeC and HIRPeC foams the activation energy
was found to be constant in a limited range of a values (a < 0.4)
and, then, it increases monotonically as a sign of the occurrence of
a complex multi-steps degradation process, where physical step
superimpose to chemicals steps. The ﬁnding that the multicomplex degradation process starts at lower conversion in
comparison to the neat-PUR foam can be ascribed to the presence
of the anhydrous cement and hydrated co-continuous inorganic
network, which alters the chemical mechanism of PUR degradation
and likely hinders the removal of volatile decomposition products.
Moreover, the HIRPeC foam exhibits, all over the a range investigated, Ea values higher than those of the neat-PUR and PeC, indicating that the co-continuous morphology due to hydration of the

3.4.2. Fire resistance
The ﬁre properties of neat-PUR, PUR-FR, PeC and HIPReC foams
were assessed by cone calorimetry. The results in terms of HRR,
TTI, pHRR, THR, total mass loss, the smoke production and CO
production are summarized in Table 2. All of the values are read
directly from the summary test report sheet produced by the cone
calorimeter device.

Fig. 5. Activation energy, Ea, results computed by Friedman’s method for neat-PUR, Pe
C and HIRPeC foams.

Fig. 6. Activation energy, Ea, results computed by Friedman’s method for HIPReC in
foam and in powder form.

cement particles delays the chain scission (i.e. pyrolysis) and
removal of the volatile decomposition products.
To highlight the effect of the co-continuous morphology, which
hinders the pyrolysis degradation step owing to its speciﬁc structure, TGA data were used to calculate the activation energy values
for the HIRPeC reduced as powder by milling. The main scope of
this process was to destroy the co-continuous structure and minimizes its physical effect. In Fig. 6, the energy proﬁles over the
conversion degree for HIRPeC as foam and powder form are
shown.
It is noted that the average activation energy values for HIRPeC
powder form is lower than those of the HIRPeC foam, conﬁrming
that the presence of the continuous inorganic structure contributes
to the enhancement of the thermal-oxidative stabilization of the
material. However, the energy proﬁle for the HIRPeC powder
changes linearly with a, conﬁrming that the degradation mechanisms that take place are complexes and numerous, over the
degradation of the material. Instead, the energy proﬁle for the
HIRPeC foam is invariant in respect of a (up to 0.4), that means
a simple single-step process occurs, while, at high a (>0.4) the
energy proﬁle changes linearly, sign of the occurring of multi-step
mechanisms.
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Table 2
Cone calorimeter results.
Sample

TTI (s)

1
(s)
tHRR

2
tHRR
(s)

pHRR
(kW/m2)

DpHRR %

HRR-average
(at 60 s) (kW/m2)

Neat-PUR
PUR-FR
PeC
HIRPeC

3
5
8
10

30
20
21
21

62
100
184
200

543
448
316
298

e
17
42
45

364
342
257
201






3
2
3
2

THR
(MJ/m2)

Total mass
lost (%)

62
50
68
48

80
60
55
37

3.4.2.1. Heat release rate. Fig. 7 reports the HRR curves as a function
of time for neat-PUR, PUR-FR, PeC and HIPReC foams. In the inset
graph an enlargement of HRR curve at short ignition time is
reported.
According to the literature related to ﬂame test of polyurethane
[2,35], averaged HRR curves for neat-PUR and PUR-FR foams show
the typical pyrolysis process and burning of PUR foam under cone
calorimeter analysis, consisting of the thermally thick charring
(residue forming) step in which an initial peak (attributed to the
surface pyrolysis of the foam) appears until the formation of a char
layer. Afterwards, due to the continuous heating, the layer char
cracks and starts to burn, giving rise to the formation of a second
HRR maximum with a suddenly subsequent decrement [2]. In the
case of PUR-FR, the presence of the TCPP ﬂame retardant shifts the
second HRR peak from around 75 s for the neat-PUR to approximately 125 s for PUR-FR foams. Likely, the TCPP in the foam
promotes the formation of a more resistant and stable char layer,
which protects the organic matter for successive thermal-oxidative
degradation for longer periods. The HRR curves for PeC and HIRPe
C foams again show a degradation mechanism characterized by two
peaks with the second one at approximately 200 s. The presence of
the large amount of the cement phase both as anhydrous particles
and as a co-continuous inorganic network acts as a protective layer
which delays the subsequent thermo-oxidative decomposition of
the organic phase through a reduction of both oxygen absorption
and permeation of volatile compounds, respectively, towards and
from the surface of the ignited materials. By comparing the HRR
curve of neat-PUR with the ﬁre curves of PUR-FR, PeC and HIRPeC,
it is possible to observe a broadening of the thermal-oxidative
degradation process and decrease of the corresponding curve
heights (pHRR), which are associated to enhancements of the ﬁre
retardancy property. The ﬂame out is increased to larger values,
from 250 s for the neat-PUR and PUR-FR to 450 s for the PeC and
HIRPeC. Furthermore the HRR curves (data reported in Table 2)
show a reduction of HRR-average (with a maximum change from

364 kW/m2 for neat-PUR to 201 kW/m2 for HIRPeC) and a decrease
of the pHRR (with a maximum change from 543 kW/m2 for neatPUR to 298 kW/m2 for HIRPeC).
The THR curves, shown in Fig. 8, clarify the effect of TCPP ﬂame
retardant and cement phase both as anhydrous and hydrated on
the ﬁre degradation kinetics values, reported up to a burn time
corresponding to the complete materials degradation (i.e. the time
for the lowest HRR values). The THR values have been normalized
with the value at the end of the degradation process (see Table 2) to
account for the different densities. The presence of large amount of
inorganic phase both as anhydrous particles and co-continuous
structure slows down the kinetics of the THR. After 100 s of
exposure at a 50 kW/m2 heat ﬂux, the neat-PUR foams has released
almost 90% of THR, whereas the PUR-FR releases approximately the
65% and PeC and HIPReC foams release around 35%. These results
conﬁrm that the inorganic phase prevents the heat transfer and the
ﬂame spread, therefore protecting the underlying material from
further burning.
The TTI for neat-PUR and PUR-FR foams was equal, respectively to
3 and 5 s and, these values are comparable to the results found in the
literature for PUR foams, being very low because of the cellular
structure of the material [16]. The addition of large amount of cement
powder as well as the formation of a co-continuous morphology
through cement hydration slightly increases the TTI, which becomes
equal to 8 and 10 s for PeC and HIRPeC foams respectively. The TTI
increment is mainly ascribed to the higher density and compactness
of the PeC (density of 300 kg/m3) and HIRPeC (density of 320 kg/m3)
compared to the densities of neat-PUR and PUR-FR foams (respectively equal to 120 kg/m3 and 150 kg/m3).
The total mass loss or, equivalently, the residue yield seems to
depend on the density of the materials. In effect the residue yield of
HIRPeC foams of 60 wt% ca well agrees with the TGA residue value
at 800  C. The residues of neat-PUR and PeC foams are respectively
slightly higher and lower than those expected on the basis of TGA
data. The results conﬁrm that the co-continuous phase promotes

Fig. 7. HRR curves of neat-PUR, PUR-FR, PeC and HIRPeC foams.

Fig. 8. THR values normalized to the THR at end-degradation (THR*) for neat-PUR,
PUR-FR, PeC and HIRPeC foams.
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a better combustion of the char formed in the ﬁrst degradation
step, likely ascribed to a more discontinuous phase generated by
the hindering effect of the inorganic network. In the case of the PeC
foams, the residue is reduced because of the loss of cement particles during the burning process. Hydrated cement phases such as
calcium silicate hydrated, calcium hydroxide and hydrated sulfoaluminates (i.e. ettringite) therefore enhances the thermal-oxidative
stabilization of PUR foam, resulting in higher thermal stability
(slower heat release).
The described can be tentatively associated to the following
processes:
1) The hydrated cement phases form the co-continuous
morphology and act as a protective layer and as a char layer
producer, that reduces the oxygen absorption and the removal
of volatile decomposition products.
2) The co-continuous inorganic structure acts as an internal rigid
frame that limits the shrinkage of the foam and allows to be
heat internally transferred at longer timer with respect to than
those characteristic of neat-PUR and PUR-FR foams.
3) The hydrated cement phases (i.e. hydrated calcium silicate,
CSH, calcium hydroxide and ettringite) absorb heat by losing
water during the decomposition process, with a mechanism
similar to the one exerted by ﬂame retardant ﬁllers based on
inorganic hydroxide (Al(OH)3, Mg(OH)2) [36].
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It is possible to conclude that, by analyzing the results by the
Petrella approach, a slight ﬂame retardancy effect (and, consequently, the reduction of ﬁre hazard) can be ascribed to the use of
ﬂame retardants, which mainly affects the ﬁre performance index.
Conversely in presence of the co-continuous inorganic structure
HIRPeC, a more signiﬁcant reduction of ﬁre hazard of the PUR
matrix was observed, since both pHRR/TTI and THE parameters
simultaneously reduced.
Accordingly N. Usta [5], who analyzed the synergistic effect of
intumescent ﬂame retardant and ﬂy ash (silicoealuminate ﬁller
similar to cement) on rigid PUR foam observed an enhancement
of ﬂame resistance behavior in terms of concomitant reduction of
pHRR/TTI and THR parameters.

3.4.2.2. Fire hazard. The THR and the ﬁre performance index
(pHRR/TTI) are important parameters for the deﬁnition of the
safety ranking of the material. In order to give an ample assessment
of the ﬁre hazard, according to Petrella [24] and Babrauskasa et al.
[37,38], the ﬂashover potential can be evaluated by plotting THE
values versus pHRR/TTI values [39]. The main reason being that
a short TTI and a high peak value of HRR are thought to be necessary requirements for ﬂashover to occur. On this basis, the higher
the value of pHRR/TTI, the greater the propensity for ﬂashover to
occur and the lower the safety rank of the material.
In Fig. 9, the THR values are reported as function of the pHRR/TTI
values for the different foams.
The pHRR/TTI values of neat-PUR and PUR-FR (i.e. 181 kW/m2 s
and 90 kW/m2 s respectively) were higher than those of the
cement-containing foams (i.e. 31 kW/m2 s for PeC and 29 kW/m2 s
for HIRPeC). This indicates that both neat-PUR and PUR-FR foams
exhibit a higher sensitivity to ﬂashover [24,36e38]. Meanwhile the
THE values do not signiﬁcantly change for the neat-PUR, PUR-FR
and PeC but, instead decreased remarkably for the HIRPeC foam.

3.4.2.3. CO production. It is well-known that most of the ﬁrerelated human deaths result from smoke inhalation. Thus, it is
important to evaluate the smoke amount, mainly in terms of carbon
monoxide, produced during the burning by cone calorimeter of the
different materials under evaluation.
The curves related to the amount of emitted CO normalized by
the sample weight, are reported in Fig. 10. As it can be observed, the
PUR-FR, the PeC and the HIRPeC show a considerable reduction of
CO emission with respect to the neat-PUR. This is ascribed to the
reduction of the combustible material contained in the foam.
These results conﬁrm that both PeC and HIRPeC affect the
degradation mechanism of PUR. In order to have a better understanding of the chemical mechanism involved during burning of
PUR phase, the values of CO emission have been normalized to PUR
content (combusting matter) to take into account the very different
density and composition of the different samples (see the inset in
Fig. 10).
The emitted CO per PUR content curves of PeC and HIRPeC are
very similar but different with respect to those of neat-PUR and
PUR-FR. In particular the results highlighted that the use of cement
in the polyurethane formulation allowed for a 18% ca. reduction of
the maximum CO evolution rate, with respect to the neat-PUR;
while the PUR-FR, in which the FR is speciﬁcally designed to reduce
the CO emission rate, showed a 48% ca. reduction of the CO peak
with respect to neat-PU. Moreover for neat-PUR foam there is
a large emission of CO gas within 100 s, where a depletion of the
burning process is observed. The same behavior is evidenced by the
PUR-FR foam, although the emission of CO gas occurs within 150 s
and the maximum peak is markedly lower than peak for neat-PUR.
Conversely, in the case of both PeC and HIRPeC the emission of
CO occurs gradually over the burning process and, at 300 s, is still
higher than that of neat-PUR and PUR-FR. The results for PUR foam

Fig. 9. Flashover potential, pHRR/TTI and HRR for analyzed foams.

Fig. 10. CO emissions and emitted CO normalized for PUR content of neat-PUR, PURFR, PeC and HIPReC foams.
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show that, after a strong emission of CO, the smoldering effect
becomes signiﬁcant, with a level of emission around 400 mg/kg
PUR, whereas for PeC and HIRPeC the smoldering effect is delayed.
This means that, for both neat-PUR and PUR-FR foams, the
smoldering combustion is fairly important at longer burning times,
whereas for the PeC and HIRPeC foams the smoldering effect is
obtained only at longer times, where the inorganic cement phases
both as free particles and as co-continuous hydrated network are
able to further minimize the effect of smoldering combustion.
Finally, the different trend of normalized CO emission curves of
PeC and HIRPeC foams, compared to the neat-PUR and PUR-FR, is
ascribed to the modiﬁed degradation mechanism induced by the
presence of cement ﬁller as also observed in the TGA analyses.
4. Conclusions
This work was carried out to establish whether and how the
occurrence of hydration of anhydrous cement particles dispersed
within a PUR matrix, can lead to improvements in thermal stability
and ﬁre resistance of PUR rigid foams. The occurrence of cement
hydration, proved by X-ray diffraction and microscopy, accounts for
the improvement of mechanical properties in terms of elastic
moduli and compressive strength, which increase, respectively, of
about 100% and 25% in comparison to neat-PUR foams. The results
of thermal characterization obtained by thermogravimetric analysis and cone calorimetric tests on neat-PUR and composite and the
hybrid foams showed that the presence of both high amounts of
anhydrous cement particles and co-continuous network of
hydrated cement phases act as a physical barrier, which delay the
transport of oxygen and volatiles, thereby improving the ﬁre
behavior of materials. However it is not possible to exclude other
mechanisms which may arise from the presence of cement particles, which participate in modifying the conventional degradation
process of PUR.
In conclusion, the presence of a co-continuous structure is
responsible for the signiﬁcant improvement in mechanical and
functional properties of composite foams, results in an effective
delay of the onset of rapid thermo-oxidative degradation and
improves the ﬁre resistance of the materials.
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